Reducing energy dissipation while increasing speed in computation and memory is a long-standing challenge for spintronics research 1 . In the last 20 years, femtosecond lasers have emerged as a tool to control the magnetization in specific magnetic materials at the picosecond timescale 2-4 . However, the use of ultrafast optics in integrated circuits and memories would require a major paradigm shift. An ultrafast electrical control of the magnetization is far preferable for integrated systems. Here we demonstrate reliable and deterministic control of the out-of-plane magnetization of a 1 nm-thick Co layer with single 6 ps-wide electrical pulses that induce spin orbit torques on the magnetization. We can monitor the ultrafast magnetization dynamics due to the spin orbit torques on sub-picosecond timescales, thus far accessible only by numerical simulations. Due to the short duration of our pulses, we enter a counter-intuitive regime of switching where heat dissipation assists the reversal. Moreover, we estimate a low energy cost to switch the magnetization, projecting to below 1fJ for a (20 nm) 3 cell. These experiments prove that spintronic phenomena can be exploited on picosecond time-scales for full magnetic control and should launch a new regime of ultrafast spin torque studies and applications.
There is a largely held belief, that switching the magnetization of a system coherently in less than half of its natural precessional period (i.e. its ferromagnetic resonance) is impossible 5, 6 . However, if a strong enough effective field is induced, due to a strong spin injection for example, the LLG equation that governs the magnetization dynamics does predict switching. Currently, the spin-transfer torque (STT) effect 7 , a magnetization torque due to spin-polarized current injection, is the mechanism of choice for the control of the magnetic layer in magnetic random access memories. However, the reversal speed is still limited to the nanosecond (ns) regime 8 . As current pulses become shorter, higher peak values are required for STT-based technologies, which may damage the tunnel barriers that are used for readout. Since 2011, novel mechanisms relying on high spin-orbit materials in order to convert charge currents into transverse spin currents have flourished 9,10 as a promising alternative to STT, in part because the switching current would not need to cross the tunnel barrier. Moreover, these so called spin-orbit torques (SOT) offer an interesting trade-off of a small reduction in areal density for increases in speed, energy efficiency, reliability and endurance. In particular, due to the orthogonality of the injected spin with respect to the magnetization in perpendicularly magnetized films, the switching process starts instantaneously leading to a sub-ns switching that is fully deterministic 11 . In order to further increase the speed of the reversal, below the 200 ps barrier [11] [12] [13] , and explore the magnetization dynamics and energy requirements in such fast regimes, new techniques are required. On the one hand commercial pulse generators with such bandwidth are scarce and expensive or even inexistent below the 50ps duration. On the other hand, picosecond-ready CMOS exists since 2007 14 . Therefore, if methods for using picosecond electrical pulses and SOT to control magnetic order are developed, these methods have the potential to be integrated into ultrafast electronic devices. To investigate picosecond SOT phenomena, we use an experimental platform that uses photoconductive switches 15 to generate picosecond electrical pulses. We recently used such devices to demonstrate energy-efficient reversal of the magnetization of a GdFeCo thin-film with a sub-10ps electrical pulse 16 . However, the switching mechanism in GdFeCo relies on ferrimagnetic order and is therefore not generalizable to most magnetic materials. The magnetic moment of GdFeCo toggles back and forth on repeated pulses independent of the current polarity due to the effects of rapid Joule heating 16, 17 . For application purposes one would rather have a mechanism in which the final state depends on the polarity of the current, and ideally be able to extend the range of compatible materials. Here, we generate and inject 6 ps-wide electrical pulses to trigger SOT dynamics in a prototypical thin Co magnetic film, leading to ultrafast magnetization dynamics and a complete reversal of the moment. We grew a Ta(5nm)/Pt(4)/Co(1)/Cu(1)/Ta(4)/Pt(1) stack (shown in Figure 1 .a, with thicknesses in nm) on both glass and GaAs substrates (see methods). The Co layer had perpendicular magnetic anisotropy, as shown by the anomalous Hall effect measurement in Figure 1 .c. The bottom Pt and top Ta were chosen for their opposites signs of spin Hall angles, in order to enhance the torques on the Co layer 18 . We fabricated the Hall structures shown in Figure 1 .b, and performed field driven (Figure 1 .c) and current driven ( Figure 1 . We find that the critical current density is equal to ~2 • 10 11 A/m 2 for a 160 mT field, and is inversely proportional to the in-plane field accordingly to SOT-driven switching (see supp. mat.). The sample switches to -(+ ) when the in-plane field and current pulses are parallel (antiparallel), in agreement with a SOT rising from the combination of the spin Hall effect from both heavy metals 19, 20 . Figure 2 : Setup for generation of picosecond electrical pulses and magneto-optical detection. The optical pump excites the photoconductive switch in order to generate ~6 ps duration electrical pulses, that are guided and focused by a coplanar waveguide into the magnetic stack, resulting in ultrafast spin orbit torques. The sampled picosecond current pulse is shown on the back of the figure. The solid green line is a guide for the eyes.
We use low-temperature GaAs (LT-GaAs) photoconductive switches to generate picosecond pulses of high intensity 15 (shown in Figure  2 , see methods for sample fabrication and pulse generation details). In order to generate high current pulses we excite the switches with an amplified 5 kHz repetition rate laser system with 30 fs pulses centered at 800 nm. The use of this laser system with our photoswitches results in 6 ps duration (τ p ) high intensity current pulses (shown in the graph of Figure 2 ). We measure the pulse duration with a Teraspike® free-standing electric field detector (see methods). After excitation, the electrical pulses propagate (see Figure 2 ) on Au coplanar waveguides and are focused into the magnetic structure by an impedance matched tapper. Figure 3 we test combinations of current and in-plane field directions. Again, we observe that parallel (antiparallel) current pulses and field result in -(+ ), just as expected by the symmetries of the SOTs in the prepared stack. We injected up to 10 pulses and saw no difference in the final state. We repeated the experiment at least 10-20 times confirming the deterministic behavior of the reversal. When the in-plane field was reduced below (~120 mT) no more reversal was observed, likely requiring higher current densities, as also observed by Garello et al. 11 . The magnetic structures were exposed to the 5kHz laser at switching conditions for hours (> 10 8 cycles) with no noticeable degradation of the switching behavior or magnetic properties of the stack. To confirm repeatability, we conducted additional switching measurements on a different set of photoconductive devices (including different waveguide and switch designs). We observed similar switching characteristics in these separate devices. To measure the ultrafast magnetic response to the current pulses, we performed time-resolved MOKE measurements under various configurations of current polarity and magnetic fields. We were unable to obtain time-resolved switching dynamics due to technical limitations (see supp. mat.). We therefore performed low intensity time-resolved studies with an 80 MHz oscillator laser with ~250 fsduration pulses centered at 780 nm (see methods). With this system we obtain 3.7 ps-duration electrical pulses (inset in Figure 4 .a). In these experiments, we monitor the out-of-plane component of the magnetization (Δ ) via pMOKE with a time-delayed probe pulse. The typical magnetic response to the pulses is shown in Figure 4 .a. The response of the Co magnetization to the current appears instantaneous, indicating the response time to SOT is faster than the picosecond temporal resolution of our pump/probe (see methods for time-delay calibration). At zero in-plane field we observe a response that closely resembles an ultrafast demagnetization 17, 21 . However, there should be spin torques present as well that affect the detected Δ . We attribute the offset and slow recovery at long delays (at 350 ps) to the change in magnetization and/or anisotropy due to ultrafast Joule heating 17 . The addition of an in-plane field breaks the symmetry of the system and determines the sign for the observed coherent precession. When we change the direction of the bias voltage or the in-plane field , the initial torque (first oscillation) acting on the magnetization changes sign, as is expected for SOT. A parallel (antiparallel) field and current (i.e. voltage) initially torques the magnetization towards − (+ ), regardless of initial up or down state, in perfect agreement with the result of our quasistatic SOT switching experiments from Figure 1 .d. The rapid precessions are offset by the demagnetization response, which in some configurations enhances the Δ and in others decreases it. We note that ultrafast demagnetization of an out-of-plane magnetized sample under an in-plane field (here ) induces an ultrafast anisotropy torque. The anisotropy torque is due to the rapid heating of the magnet and decrease of the anisotropy field, and is thus independent of the direction of the current, and always torques the magnet towards the opposite out-of-plane direction. This effect is therefore part of the asymmetry in amplitude between the blue and red curves in Figure 4 .a and is assisting the SOT in the switching of the magnetization. We developed a simple macrospin model where we included SOT torques and ultrafast demagnetization (for details see suppl. mat.). The model assumes simplistic temperature dependence laws for the anisotropy and magnetization to calculate the anisotropy torques. We set the spin Hall angle to 0.3 from Ref 22 , from VSM measurements and the damping and anisotropy at room temperature from optical pump-probe experiments. We also had to include a number of electrical reflections of the current pulses from the end of the transmission lines which affect the dynamics. The resulting best fits are shown in Figure 4 .b. The quality of the fit is remarkable for such a simple model. However, we do miss some features, in particular the initial dynamics of the black trace at =0 and the amplitude of the blue curve. The fits indicate a fully damping-like torque dominated dynamics, in agreement with reports on similar structures 22 . Preliminary simulations at higher currents confirm the importance of heating for switching (see suppl. mat.). We set an upper limit to the energy dissipated at the load by estimating the total initial energy stored in the photoswitch capacitor, which is the energy that drives both the THz current pulse in the lines and the losses to THz radiation [23] [24] [25] . We estimate the maximum capacitance of the switch to ~74fF (see methods), and for the measured bias voltage at the switching threshold voltage of Δ = 40 V, the energy stored is 1 2 Δ 2~6 0 pJ. In a worst case scenario, if we assume a full discharge of the switch, no radiative losses, no transmission loses and assume a perfect absorption at the magnet, then all of the energy stored in the switch capacitor would be dissipated at the load. For our magnetic load, this corresponds to an energy density of ~180MJ/m 3 . Because the energy dissipation for a Gaussian current pulse is = ∫ ( ) 2 ρ • d = 0.75 • 2 ρτ p , where ρ (= 81 µΩ • cm) is the measured resistivity of the magnet, we estimate the maximum peak current density for switching with τ p = 6 ps pulses to be about ~ 7 • 10 12 A/m 2 . The energy requirements in this ultrafast SOT regime compares extremely favorably with state of the art, ns and sub-ns switching SOT results 12, 13, 26 and other types of memory 26 , even though we are using a non-optimized stack with µm dimensions. The energy per bit, assuming an ideal scaling down to (20 nm) 3 would be below ~1 fJ. As an example, we can compare the estimated 74 pJ of energy dissipation in our ~5 x 4 µm 2 devices to state-of-the-art values such as Garello's 12 300 pJ in a ~62 x 62 nm 2 devices or Zhu's 13 14 pJ in a 190 × 45 nm 2 highly optimized stack. Switching via a spin (orbit) torque on such a fast timescale brings up interesting questions about the mechanisms involved. For long pulses it is well known that thermal activation plays an important role in the nucleation of reversed magnetic domains, which followed by domain wall allows for switching, even in nanoscale devices 20 . Below the nanosecond, when we are typically below the ferromagnetic resonance period, thermal activation becomes negligible and we enter a deterministic switching regime 11, 12, 27 . Garello et al. 11 showed that switching in their ~100 nm sized devices was still dominated by domain wall motion with sub-ns pulses. If we made the same analysis in our devices, due to the µm dimensions of our magnets and ps length of our pulses, it would imply unphysical 10 5 m/s domain wall velocities. This scenario is highly unlikely when considering the observed 28 and predicted 29 trends in domain wall velocities with current density. In order to check for a signature of non-coherent switching, we performed low intensity time-resolved dynamics (as in Figure 4 .a) at various positions on the magnet with our ~1.5 µm diameter probe and found negligible differences (see methods).
Another possible scenario would be to consider some form of heat-assisted magnetic recording due to Joule heating. In such scenario the anisotropy barrier and/or magnetic order would be completely reduced by heating up to the Curie temperature and any tiny torque could then determine the switching direction. However, we can quickly eliminate this scenario as we know that we do not reach in our experiments (see suppl. mat.). Therefore, our experiments, simulations and analysis tend to indicate that the switching is likely a coherent process driven by the combination of SOTs and anisotropy torques. The anisotropy torques arising from heat and assisting the SOT during the switching could be one of the reasons for the low switching energy.
In conclusion, we have demonstrated spin orbit torque switching of a thin Co film with a single 6 ps electrical pulse. We show that picosecond-duration electrical pulses can inject spin into a magnet at ultrafast timescales. We can then probe the generated magnetization torques with picosecond resolution. All our experiments are in agreement with the symmetries expected from SOT. Macrospin simulations can accurately predict the observed dynamics, showing a damping-like torque dominated effect. Finally, we have shown that the reversal process is extremely energy efficient. Future work will include tracking different components of the magnetization via different magneto-optical effects, in order to spatially reconstruct the time-dependent spin torque dynamics. We believe our approach will trigger new interest in ultrafast electrical studies of spin torque dynamics, opening the door for the possible observation of elusive phenomena such as inertial dynamics in ferromagnetic materials [30] [31] [32] and offer a new way of triggering resonant dynamics in antiferromagnetic materials 33, 34 .
Methods

Samples
The LT GaAs substrate was obtained by first depositing, in a molecular beam epitaxy chamber, at high temperature (550°C) a 300 nm thick GaAl0.8As buffer followed by a 5nm thick GaAs layer on a semi-insulating GaAs (100) substrate. Then the LT GaAs layer (1 µm thick) was deposited at 260°C with a As/Ga beam equivalent pressure ratio of 50. The magnetic stacks were grown by DC magnetron sputtering in an AJA system. The Ta(5nm)/Pt(4) buffer layer ensures a well-defined (111) texture for the growth of Co(1) and guarantees an interface anisotropy that promotes PMA for Co (1) . The Cu(1)/Ta(4) bilayer, capped by Pt(1) to prevent Ta oxidation, has been added to preserve PMA and enhance the torques on the Co layer since Pt and Ta have spin Hall angles with opposite sign. The Cu was inserted to reduce the Dylazhosinkii-Moriya interaction at the top Co interface in order to optimize the coercive field and PMA and obtain two well-defined remanent states at zero field. Due to the long spin-diffusion length of Cu, spin currents generated in the Ta are expected to contribute to the SOT 35, 36 . The choice of the stack was also determined by the necessity of having a top metallic layer (Cu/Ta + Pt capping) in order to get a good electrical contact with the transmission lines shown in Figure 2 . The of the sample is estimated as ~800 K due to previous experience with extremely similar samples grown and characterized in the group over the years. The sample was fabricated using a 3 step-based UV-lithography technique where the SiO2 layer, magnetic load, and transmission lines were patterned at each step. The SiO2 layer allows for a good insulation of the transmission lines from the substrate in order to suppress leakage currents. A single recipe was used to perform lithography and lift-off for all three steps. An AC 450 (Alliance Concept) sputtering system was used to deposit 100 nm of SiO2 in the presence of 20sccm Ar and O2 flow at a base pressure of 6.1×10-3 mbar. E-beam evaporation was used to deposit Ti(20 nm)/Au(300 nm) for the transmission lines. The coplanar waveguide has a center-line to side-line distance of 60 µm. The waveguides have a 60 µm-wide center-line, that tappers down to a 5.5 µm spaced 4 µm-wide center-line, as depicted in Figure 2 . The magnetic load is a 20 µm x 4 µm strips partially covered by the Au transmission lines, so current only flows through the magnetic stack only in the uncovered 5 x 4 µm opening. The Hall bars where patterned via similar lithography process, as published elsewhere 37 .
Generation of picosecond-duration electrical pulses
In order to generate the picosecond pulses (schematic shown in Figure 2 ) we contact the left side of the transmission lines with a CPW 40GHz GBB® probe tip. We also contact the right side with another CPW 40GHz GBB® tip, and add a 50Ω resistor to close the circuit. We apply a constant voltage bias (Δ ) through the left tip between -50V and +50V via a Keithley 2400 voltage source, while reading the average current. If no laser irradiation is incident, we can measure a dark (i.e. leakage) current due to the finite switch resistance (>10 MΩ). We then irradiate the photoswitch with either 1.5mW (0.3 µJ per pulse) from our 5kHz amplified laser or 30mW (0.37 nJ per pulse) from the 80MHz oscillator system. The pump is focused by a 15 cm lens to a (FWHM) radius of about 150 µm. When the switch is irradiated a photocurrent is generated, which we can then optimize by finely tuning the pump mirror. We note that photoswitch excitation with the high voltages and high pulse energies used for the switching experiments can result in longer electrical pulses durations (6 ps for switching experiments vs 3.7 ps for time-resolved experiments) 38 .
Measurement of time-resolved dynamics
All the presented small-intensity dynamics where measured with the 80MHz oscillator laser system focused through a 50x objective into a ~1µm sized spot. The experiments where performed with no out-of-plane field, since at small excitations the sample naturally relaxed back between pulses, as is typical with low-excitation optical pump-probe experiments. We determined the zero delay time, i.e. the arrival of the electrical pulse, by monitoring the time-domain thermoreflectance (TDTR) response (see supp. mat.).
Measurement of picosecond pulse electric field
A pump beam is focused on the photoconductive switch to generate the pulse. The pump beam is chopped by an optical chopper at about 300 Hz. We place the Teraspike® probe on top of the transmission lines. A probe beam is focused at the tip of Teraspike® probe, exciting the free-standing photoconductive switch. A Standford Research Systems 865A Lock-In amplifier is used to directly measure the change in current induced by the transient electric field at the tip of the probe. This change in current is only present when both the electric field and probe beams coincide in time. Therefore, changing the delay between optical pump and probes allows us to sample the transient electric field associated with the picosecond current pulses. The resulting trace is a convolution of the real electric field and the Teraspike®'s response. We note that we do not measure the electric pulse at the sample position.
Estimation of switch capacitance
The capacitance of an interdigitated electrode (IDE) capacitor is roughly = ( − 1) 0 / where is the number of electrodes, is the effective relative permittivity due to LT-GaAs substrate and air (measured as 15), 0 is the vacuum permittivity, is the surface area of an electrode and is the center-to-center distance between electrodes. We estimate a capacitance of about ~1.7 • 10 −14 F for our photoconductive switch. As a second verification, it is also well known that the RC time constant due to the capacitance of the photoswitch limits the pulse duration of the generated pulses 15 , which means we can also set an upper bound for the capacitance given by RC<3.7ps (which is our smallest measured pulse duration). Here, the characteristic impedance ( 0 ) of the line plays the role of the resistor. The CPW line impedance was designed 39 to be 0 = 50Ω, which means the capacitance is at most around 7.4 • 10 −14 F, consistent with our initial estimation. We will consider this upper-bound value as the capacitance of our switch to calculate the upper-bound energy dissipation in our experiments. Figure S1 : The critical current density for SOT switching with 100 µs pulses is inversely proportional to the in-plane field increases, as reported previously 40 .
Estimation of resistivity and quasi-static critical current density
A four point resistivity measurement yielded an effective resistivity of ρ = 81 µΩ • cm. Using previously measured values of resisitivity for 4-5nm Pt and Ta films deposited with the same sputtering system (24 and 200 µΩ • cm respectively), and a parallel resistor model, we find the correct effective resistivity by assuming that most of the current flows in the 13nm comprised by the 5nm Ta buffer, bottom 4nm Pt and top 4nm Ta layers, and neglecting the currents through the 1nm Co, Cu and Pt capping layers. We then estimate the critical current density by using again a parallel resistor model to determine the amount of current going through Pt and Ta layers surrounding the Co/Cu bilayer. The electrons immediately respond to the heat pulse (negative peak at time-zero). The magnetic dynamics (red) equally start at the arrival of the pulse with no noticeable delay. Further work is needed to fully interpret the TDTR response.
Determination of zero-time delay from Time Domain Thermoreflectance
Time-resolved switching dynamics
Time-resolved pump/probe measurements of the switching dynamics were not possible with our 5 kHz amplified laser system. On our MOKE setup measurements require a minimum probe power of ~60 µW is required to resolve Kerr rotations of ~100 µrad. The full amplitude of the hysteresis (2 ) measured with the 80MHz oscillator system, shown in Figure S3 is ~485 µrad, so 60 µW would allow us to resolve the dynamics with approximatively a SNR of less than approximately 5:1 (without accounting for drift issues). However, at a 5 kHz rep rate, the per pulse energy for 60 µW causes damage to the sample when focused to sub-3 µm dimensions. Figure S3 : Polar MOKE hysteresis on the CPW-embedded magnetic sample taken with the 80MHz laser system.
HAMR-scenario and dependence of coercivity on number of pulses
In order to check for a heat assisted magnetic recording-like scenario, we injected single pulses at the switching threshold current, under no in-plane field, with an additional out-of-plane magnetic field at ~93% of the room temperature coercivity favoring switching. If the sample was to be heated near , then any magnetic field would lead to reversal, lowering the effective coercivity dramatically. However, we did not observe any switching when injecting a single pulse under these conditions. In fact, we only observe a small decrease of ~30% in the coercivity when increasing the number of pulses by a factor of 10 5 (see Figure S4 ). We conclude that the dissipation by the electrical pulse does not heat the Co film near . We conclude that the dissipation by the electrical pulse does not heat the Co film near . 6. Spatial dependence of magnetic dynamics Figure S5 : Spatial dependence of dynamics. Inset shows the peak (at 11ps) as a function of the y position (across the sample width). The signal drops as we get close to the edges because the probe no longer fully overlaps the magnet (the probe width is about 1.5 µm (FWHM), and the sample width is 4 µm. The dynamics are extremely similar across the surface of the sample. Experiments along the length of the magnet (x direction) also showed no major differences. 7. Macrospin model
Macrospin Simulations
To model the ability of picosecond electrical pulses to reverse the magnetization via spin orbit torques, we solve the Landau-Lifhitz-Gilbert equation of motion with anti-damping like and field-like damping terms from the spin-current. The equation of motion is ⃗⃗ = − 0 ( ⃗⃗ × ⃗ ⃗ ) + ( ⃗⃗ × ⃗⃗ ) − ( ⃗⃗ × ( ⃗⃗ × )) + ( ⃗⃗ × ) (eq.S1) where = 1 (eq.S2)
Here is the gyromagnetic ratio, ⃗⃗⃗ is the direction of spin-polarization. The effective field in the first and second term consists of a magneto-crystalline anisotropy field, a demagnetization field, and any applied external field,
(eq.S3)
Here, ⃗ ⃗ , ⃗ ⃗ and ⃗ ⃗ are the x, y, and z-components of the external field, is the perpendicular anisotropy constant, and ⃗⃗ = [⃗⃗ ⃗⃗ ⃗⃗ ] . The − ⃗⃗ term in the z-direction is the demagnetization field due to thin-film shape anisotropy. In this work, we use the macrospin approximation, i.e. we assume the properties in Eq. (eq.S1) are independent of position. To solve for the dynamics, we first set ⃗⃗ / = 0 and solve for the equilibrium orientation of the moment, ⃗⃗ ( < 0) = ⃗⃗ 0 . We identify the stable solution to ⃗⃗ / = 0 by choosing the solution with the lowest free energy. We then use a finite-difference scheme to evolve ⃗⃗ ( ) forward in time in response to a charge current ( ). We evolve the magnetization forward in time with time-increments of Δ = 1 fs. The current-densities required to move the magnetic moment of the Co layer into a new equilibrium orientation are shown in Fig. S6. Fig. S6 does not include the effects of temperature. Figure S6 . LLG macrospin predictions for switching of a thin Co film in response to spin-orbit-torques. We calculate ⃗⃗ ( ) in response to ( ) = ( , ) as a function of . Here, ( , ) is pulse function that is 0 for < 0 and > and unity elsewhere. We assume = 10 6 A/m, = 0.3, = 0.2, = 1 nm and ⃗ = (165 mT)̂. In this calculation, the anisotropy is fixed so the anisotropy field is ~0.6 T without any external field. Yellow indicates the new equilibrium orientation points in the same direction as before the current pulse. Blue indicates switching.
Temperature Dynamics
Ultrafast heating of a magnetic material lead to temperature-induced changes to the magnetic moment and the interfacial anisotropy. We estimate the temperature response of the metal film in our experiments by solving the heat-diffusion equation
Here, is the temperature rise above room temperature due to heating, is the heat-capacity per unit volume, Λ is the thermal conductivity, and ( ) is the volumetric heating from either a laser or electrical pulse. Based on literature values of the heat-capacity of metals [1] and the thickness of each layer, we estimate an average value for of the multilayer of 2.6 J m-3 K-1 for our stack at room temperature. We fix Λ according to the Wiedemann-Franz Law Λ = L 0 /~10 Wm -1 K -1 , where is the measured electrical resistivity of the film. For the optical experiments described in section 7.3., we assume ( ) = ( )/( 0 2 ), where ( ) is the laser power vs. time, 0 is the 1/e 2 radius, and is the total film thickness of 16 nm. For electrical experiments, we set ( ) =^2 ( ), where ( ) is the charge current density. Solving Eq. (eq.S4) for ( ) requires boundary conditions. We assume an adiabatic boundary condition at the metal film surface. We assume the heat-current at the bottom of the metal film, is limited by the interfacial thermal conductance between Ta and sapphire, = ( = ).
(eq.S5) Typical values for the conductance between metal films and oxide substrates are 100-300 MWm -2 K -1 [2] [3] [4] . We treat as a fit parameter and deduce ~170 MWm -2 K -1 . By using Eq. (eq.S4) to model the temperature response of the stack to heating, we are assuming that electrons, phonons, and spins are in thermal equilibrium with one another. Such an assumption is not always valid on picosecond time-scales, and nonequilibrium between thermal resevoirs can drive ultrafast magnetic phenomena [5] . In our experiments, nonequilibrium effects should be small due to the 4-6 picosecond pulse duration of the electrical experiments, together with the strong thermal coupling between electrons and phonons in the Co layer [6] . The picosecond time-scale for heating is much greater than the electron-phonon relaxation time in transition metals [7] . Therefore, we can estimate the nonequilibrium between electrons and phonons by assuming a quasi-steady-state condition where rate of heat absorption of electrons equals the rate of heat-loss to the phonons. In other words, we assume ( )~( ), where is the electron-phonon volumetric energy transfer coefficient [8] , which we take from Ref. [6] . For a maximum electrical current density of 6 • 10 13 A m -2 , this estimate provides an upper bound for the nonequilibrium during our experiments of ( )~15K.
Anisotropy Torques and Precessional Dynamics Caused by Ultrafast Heating
The anisotropy field and magnetization are both temperature dependent [9] . As a result, picosecond changes in the temperature of the Co film induce precessional dynamics [10] , even in the absence of spin-orbit-torques or Oersted fields. To experimentally investigate the effect of temperature, we perform time-resolved magneto-optic Kerr effect measurements on the sample in the presence of an in-plane magnetic field. Prior to these time-resolved measurements, we orient the magnetic moment of the Cobalt with an out-of-plane magnetic field of 0.3 Tesla. After removing the out-of-plane magnetic field, we optical heat the sample surface with 250 fs duration pump pulses at a fluence of 0.7 J m-2. The transient temperature response causes precessional dynamics. We track the resulting out-of-plane component of the magnetic moment by monitoring the polar Kerr angle with a time-delayed probe pulse. We repeat this experiment with varied in-plane magnetic fields. The results of time-resolved magneto-optic Kerr measurements with an in-plane field of 0, 0.15, and 0.3 T are shown in Fig. S7 . The lines are lines in Fig. S2 are best-fit model predictions for the data based on the LLG equations. We describe those predictions in more detail below.
Using an optical multilayer calculation like described in Ref. [11] , we estimate the absorbed fluence per pump pulse is 0.3 J m-2. This absorbed fluence will cause a per-pulse temperature rise of ~7 K. Comparing this temperature rise to our experimental measurements of the resulting Δ , allows us to quantify / . The amplitude of precession of ( ) following heating provides information about / . The frequency and decay rate of precession allow us to determine the total anisotropy field and effective damping. To theoretically quantify the effects of the temperature-evolution after optical heating we added temperature effects to Eq. (eq.S1-S3). We allow and in Eq. (eq.S1-S3) to evolve in time based on the predictions of our thermal model described in Eq. (eq.S4-S5). We follow Ref. [8] , and assume the he temperature dependence of the magnetization is well-described by ( ) = (0)[1 − ( / )^1.7 ] (eq.S6) ( ) = (0)[ ( )/ (0) ] 3 (eq.S7) Here, is the Curie temperature, (0)is the magnetization at absolute zero, and (0) is the anisotropy constant at absolute zero.. We fix ( = 300 ) to 10 6 A/m based on VSM measurements. We treat ( = 300 ) as a fit-parameter. The precessional frequency in Fig. eq .S2 depends only on the magnetic moment and total anisotropy field. With (300 K) fixed from VSM measurments, the only unknown parameter that effects the precessional frequency is (300 K). The best-fit value for (300 K) is 10 6 Jm -3 , corresponding to an out-of-plane anisotropy field of approx. 0.8 T. We fit for the effective value of in eq.S1 by matching model's prediction for the decay of oscillations to the data. We note that the effective includes effects such as inhomogeneous broadening [12] . The only remaining model parameter is . The value of determines / and / at room temperature. A best-fit to our data in Fig. S2 yields ~800 K, in agreement with our extensive experience with similar samples grown in the same sputtering system. Then, eqs.S6-S7 predict /~− 10 3 Am -1 K -1 and /~− 4 • 10 3 Jm -3 K -1 . Figure 
Effect of Heating on Ultrafast SOT Dynamics
To evaluate the role of temperature rises on the switching dynamics, we use the model parameters described above, to estimate the change in dynamics that results from the addition of temperature-induced precessional dynamics. Figure S8 illustrates how temperature effects increase the amplitude of the electric-pulse induced dynamics and can aid switching. Figure S8 . Switching dynamics predicted with a 6 ps pulse at = . • A/m 2 . Left plot includes thermal effects, whereas the right plot neglects them. We can clearly see that heating assists importantly the switching. Blue, red and black curves correspond to positive, negative and zero in-plane magnetic fields for the same given current polarity and initial out-of-plane magnetization. The reversal (crossing of zero) takes about 30ps in our simulations.
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